The expression of main extracellular matrix (ECM) and their integrins were studied in the adult rat adrenal gland. Collagen I, IV (CI, CIV), laminin (LN) and fibronectin (FN) expression was observed surrounding each glomerulosa cell and as long fibrils between the cords of fasciculata cells. In the medulla, FN was present around chromaffin cells or bordering blood vessels. Integrin a2, a3 and a5 were present mainly in the cortex, while a1 was present in the medulla. In culture, all ECM favoured proliferation of both glomerulosa and fasciculata cells, while protein synthesis was lower on FN and LN in glomerulosa cells. CIV promoted ACTH-induced proliferation whereas FN favoured ACTH-induced protein synthesis in glomerulosa cells. Except for LN, ECM increased expression of 3b-hydroxysteroid dehydrogenase and enhanced basal aldosterone, although corticosterone secretion was only enhanced by CI and CIV. In fasciculata cells, the potency of ACTH-induced cAMP production was lower on ECM, compared with plastic. Moreover, ACTH, but not ECM, activated mitogenic-activated protein kinase p38 and stress-activated protein kinases. Glomerulosa and fasciculata cells grown on CI and CIV had a polygonal morphology, while cells grown on LN appeared as clusters of small rounded cells. On FN, the glomerulosa cells exhibited polygonal morphology while fasciculata cells appeared as clusters of small rounded cells. Together, these results indicate that ECM modulates basal and ACTH-induced cell functions, with FN, CI and CIV specifically favouring steroid secretion, as opposed to LN which inhibits secretion while promoting proliferation.
Introduction
The adult rat adrenal cortex is composed of three concentric layers, the zona glomerulosa, the zona fasciculata and the zona reticularis, all of which present different morphological and functional properties. The zona glomerulosa secretes aldosterone while the zona fasciculata secretes glucocorticoids. Adrenocorticotrophic hormone (ACTH) is the most potent stimulus of both corticosterone and aldosterone secretion and acts not only on the immediate, transcription-independent stimulation of adrenal steroid synthesis and release, but also increases the expression of a number of genes including those involved in steroidogenesis (Rainey 1999 , Sewer & Waterman 2003 . Most actions of ACTH are mediated through cAMP and subsequent activation of protein kinase A (Penhoat et al. 2001 . In addition, in the Y1 adrenocortical cell line, ACTH may also activate the mitogenic-activated protein kinase pathway, p42/p44 (p42/ p44 mapk ; Watanabe et al. 1997 , Lotfi & Armelin 2001 ) and the stress-activated protein kinases (SAPK)/c-Jun N-terminal kinases ( JNK) (Watanabe et al. 1997 , Forti et al. 2006 . This family of mitogen-activated protein kinases (MAPKs) can induce a number of cellular functions, including proliferation, migration, hypertrophy and differentiation (Houslay & Kolch 2000) . In vivo, ACTH does not exhibit the same steroidogenic potency on zona glomerulosa and zona fasciculata. For instance, it is well established that hypophysectomy decreases the volume of zona fasciculata, without affecting the zona glomerulosa (Cater & Stack-Dunne 1953) , while ACTH treatment increases the overall volume of the cortex (Mazzocchi et al. 1986 ) and vascularization (Thomas et al. 2003 (Thomas et al. , 2004 . From these observations, we raised the hypothesis that the nature of extracellular matrix (ECM) and integrins could influence cell responses to ACTH, as also observed in the human foetal adrenal gland (Chamoux et al. 2002) .
Several studies have shown that the extracellular microenvironment can orchestrate a number of cell functions such as proliferation, differentiation, migration, survival and steroidogenesis (Le Bellego et al. 2002 , Wang & Milner 2006 , for a review see Giancotti 2000 , Schwartz 2001 ). For example, in the bovine adrenal gland, laminin (LN) is mainly associated with migration (Pellerin et al. 1997 , Feige et al. 1998 . On the other hand, in rat adult glomerulosa cells, we have shown that adhesion of glomerulosa cells to fibronectin (FN) is able to promote an increase in intracellular calcium, activate p42/p44 mapk and stimulate proliferation and aldosterone secretion (Campbell et al. 2003) . The ECM proteins interact with cells through binding of integrin receptors localized on plasma cell membranes (Tamkun et al. 1986) . The integrins are transmembrane proteins comprised of two subunits, alpha (a) and beta (b) and constitute the predominant family of proteins mediating cell-matrix interactions, responsible for transduction and activation of several intracellular cascades (Hynes 1992 , Aplin et al. 1998 , Giancotti & Tarone 2003 . Previous results (RT-PCR and western blot analyses) indicate that a V , a 5 , b 1 and b 3 subunits are expressed in the rat adrenal glomerulosa cells (Campbell et al. 2003) . Integrin a 5 b 1 is specific for FN, although integrins a 3 b 1 , a 4 b 1 , a x b 2 , a v b 3 and a v b 6 can also bind FN. It is also well-known that integrins a 1 b 1 , a 2 b 1 , a 3 b 1 and a v b 1 can bind collagen by different recognition sites, while LN-binding integrins include a 1 b 1 , a 2 b 1 , a 3 b 1 , a 6 b 1 , a 7 b 1 and a 6 b 4 (for review, see Gonzalez et al. 1999 , Mizejewski 1999 , van der Flier & Sonnenberg 2001 .
To our knowledge, there is no information on the in situ expression and localization of ECM and integrins in the adult rat adrenal gland and of the effects of these matrix components on basal adrenal functions and hormonal action. Hence, the aim of the present study was to verify the relative expression of the main ECM components (collagen, FN and LN) and their integrin receptors in the adult rat adrenal gland (cortex and medulla) and to investigate whether the nature of the ECM is able to modulate the effects of ACTH on secretion, proliferation and protein synthesis in both glomerulosa and fasciculata cells.
Material and Methods

Chemicals
The chemicals used in the present study were obtained from the following sources: minimum essential medium (MEM; Eagle's medium) and OPTI-MEM medium from Life Technologies; ACTH (1-24) peptide (Cortrosyn) was purchased from Organon (Toronto, Canada) and ACTH (1-39) peptide (Synacthen) was from Novartis (Dorval, QC, Canada). Matrix-coated dishes and coated 24-and 96-well plates (collagen I, CIV(CI, IV); FN and LN) were obtained from BD-VWR Canlab (Ville Mont-Royal, QC, Canada). The rabbit anti-LN antibody from Sigma; rabbit anti-FN, rabbit anti-CI and rabbit anti-dopamine b-hydroxylase (DBH) antibodies from Chemicon International (Temecula, CA, USA), and anti-CIV from Cedarlane (Hornby, Ont., Canada). The antibodies against b1, a1, a2, a3 and a5 integrins subunits were all from Chemicon International. The anti-phosphorylated p38 MAPK, anti-phosphorylated SAPK, anti-p38 MAPK and anti-SAPK antibodies were obtained from New England Biolabs, Inc. (Mississauga, Ont., Canada). 
Immunofluorescence
Use of antibodies was optimized using either paraffin or frozen sections. Tissue sections from paraffin-embedded adrenal glands were used to determine the presence of integrin subunits within the whole adrenal gland, while frozen sections were used to determine the presence of ECM components. Adult adrenal glands from female Long Evans rats (250 g) were removed and snap-frozen in optimal cutting temperature. Animal protocols were approved by our institution's (Faculté de médecine et des sciences de la santé, Université de Sherbrooke) Animal Care and Ethics Committee and conducted according to ethical guidelines from the Canadian Council on Animal Care. For ECM localization experiments, 5-6 mm frozen sections were fixed with 3 . 7% formaldehyde for 15 min at 4 8C, washed in PBS (136 . 89 mM NaCl; 2 . 68 mM KCl; 18 . 88 mM Na 2 HPO 4 and 1 . 76 mM KH 2 PO 4 , pH 7 . 4) and incubated with glycine 0 . 1 M for 30 min at room temperature. Sections were then treated with 0.2% Triton X-1000, washed and incubated with 1 . 5% normal goat serum for 45 min. Antibody dilutions were as follows: anti-CI (1:50); anti-CIV (1:80); anti-FN (1:50) and anti-LN (1:50). The antibody used for LN detection recognized LN isoform-1. Overnight incubation with the primary antibodies was followed by incubation with a secondary goat antibody conjugated to Alexa Fluor 488. Sections were washed with PBS, the nuclei stained with DAPI and sections mounted with Vectashield mounting medium for subsequent observation. Non-specific labelling was assessed by boiling the primary antibodies for 15 min.
For double staining immunofluorescence of ECM components, antibodies derived from the same species were directly labelled with Zenon Alexa Fluor 488 and Zenon Alexa Fluor 594. For ECM components and DBH labelling (a marker of chromaffin cell functionality), the ECM component antibodies were conjugated with Zenon Alexa Fluor 488 Rabbit IgG Labelling Kit, while the anti-DBH antibody was detected with a goat anti-rabbit antibody conjugated to Alexa Fluor 594.
For integrin immunostaining, 5 mm thick sections of rat adrenal glands were fixed in formalin and embedded in paraffin. After removal of paraffin and rehydration of tissue sections according to classical histological procedures, sections were immersed in 0 . 1% SDS/H 2 O and washed with PBS.
Antibody dilutions were as follows: anti-a1, -a2, -a3 and -a5 (1:500). Overnight incubation with primary antibodies was followed by incubation with a secondary goat antibody conjugated with Alexa Fluor 488. Sections were washed with PBS, nuclei stained with DAPI and sections mounted with Vectashield mounting medium for subsequent observation. Non-specific labelling was assessed by boiling the primary antibodies for 15 min. Images were acquired with a Hamamatsu ORCA-ER digital camera attached to Nikon Eclipse TE-2000 inverted microscope (Nikon Canada, Mississanga, Canada) equipped for epi-illumination.
Image analysis of colocalized ECM components
Binary images were generated for respective acquisitions of fluorescent ECM components using Metamorph (version 4.6r10) software (Universal Imaging Corporation, Downingtown, PA, USA). The binary images for each pair of ECM components under study were analysed using a Boolean operation to determine the colocalization of ECM components. Data are representative illustrations of three to six slides prepared from three different animals.
Preparation of cell cultures
Glomerulosa and fasciculata cells were obtained from adrenal glands of female Long Evans rats weighing 200-250 g, and isolated according to the method previously described in detail (Gallo-Payet & Payet 1989) . All protocols were approved by the Animal Care and Ethics Committee of our institution. Isolation and cell dissociation of the zona glomerulosa were performed in MEM (supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin). After a 20 min incubation at 37 8C with collagenase (2 mg/ml) and DNase (25 mg/ml), cells were disrupted by gentle aspiration with a sterile 10 ml pipette, filtered and centrifuged for 10 min at 100 g. The cell pellet was then resuspended in OPTI-MEM medium supplemented with 2% FBS, 100 U/ ml penicillin and 100 mg/ml streptomycin.
According to experimental conditions, cells were plated at various densities on plastic or on FN, LN, CI or IV-coated Petri dishes (at 5!10 4 cells for morphology and at 2! 10 5 cells/well for steroid secretion) or 96-multiwell plates (at 30!10 3 cells/well for proliferation assays). Matrix-coated dishes and plates were derived from different sources: CI from rat tail tendon, CIV from engelbreth-holm-swarm (EHS) mouse tumour, FN from human plasma and LN-111 from EHS mouse tumour, with purity O90%. According to BD Biosciences, the LN is made primarily of LN-1 (LN-111) derived from the mouse ESH tumour and LN-111 is not cross linked and it is just attached to a surface. Cells were cultured at 37 8C in a humidified atmosphere composed of 95% air-5% CO 2 . The culture medium was changed daily and the cells were used after 3 days of culture. Cells were examined daily and phase-contrast images were acquired using a Leica microscope (Deerfield, IL, USA) equipped with a 32! objective and a Canon digital camera.
Proliferation assays
Cell proliferation was measured using fluorescence BrdU incorporation, as described previously (Otis et al. 2005) . Cells were plated on plastic (PL), CI-, CIV-, LN-or FN-coated 96-well plates, at a concentration of 3!10 4 cells/well. Cells were treated daily for 3 days without or with ACTH (10 nM) alone or in the presence of various inhibitors. After 24 h of culture, 10 mM BrdU were added to the culture medium 4 h prior to stimulation with ACTH (10 nM). On the third day, cells were fixed with 3 . 7% (vol/vol) formaldehyde in Hanks' buffered saline (HBS) for 10 min at room temperature, followed by a 10-min permeabilization treatment with 0 . 2% Triton X-100 in HBS. Cells were then incubated with antiBrdU Alexa Fluor-594 (1:500). Fluorescence intensity was measured using a Microplate Fluorescence Reader FL600 (Bio-Tek; excitation: 560/40 nm; emission: 645/40 nm). Results are expressed as the percent of variation from basal conditions using six culture wells for each experimental condition. Cell number was also assessed using a standard haemacytometer.
Protein synthesis measurements
The relative amount of protein synthesis was determined by assessing tritiated phenylalanine incorporation. Cells were plated on plastic or matrix-coated 24-well plates at a concentration of 70!10 3 cells/well. After 24 h of culture, 1 mCi/ml [ 3 H]phenylalanine was added to the media 2 h prior to stimulation with ACTH (10 nM). After 3 days, the medium was aspirated and the cells washed thrice with cold HBS solution, followed by addition of trichloroacetic acid (TCA) solution (20%) for 20 min on ice. After centrifugation (3000 g, 15 min, 4 8C), the TCA-insoluble fraction was washed twice with TCA solution and solubilized in 0 . 1 M NaOH solution for 1 h on ice. Incorporation of radioactivity was measured by liquid scintillation counting (Beckmann counter). Data were normalized as maximum of phenylalanine incorporation in control conditions for the same number of cells (1!10 5 cells), as described by Otis et al. (2005) .
MgCl 2 , 2 . 5 mM NaHCO 3 , and 5 mM HEPES) supplemented with 1 g/l glucose and 0 . 5% BSA. Cells were incubated in a 1 ml solution consisting of 0 . 9 ml HBSglucose supplemented with 0 . 5% BSA-0 . 1 mg/ml bacitracin and 0 . 1 ml ACTH (10 nM). Following a 2 h incubation at 37 8C in a 95% air-5% CO 2 environment, the incubation medium was removed by aspiration and stored at K20 8C until assayed for steroid content. The latter was determined by RIA, using specific antisera and tritiated steroid as tracer.
Western blotting
Cells were cultured onto plastic, CI-, CIV-, LN-or FN-coated dishes at a concentration of 5!10 5 cells/Petri dish, with cell density reaching w1!10 6 cells/Petri dish after 3 days of culture. For activation of p38MAPK and SAPK/JNK, cells were cultured for 3 days and stimulated without or with ACTH (10 nM) for 30 min. For 3b-HSD expression, cells were cultured for 3 days. The cells were lysed with 30 ml 50 mM HEPES (pH 7 . 8), 100 nM staurosporine, 1 mM sodium orthovanadate and 1% Triton X-100. The insoluble material was pelleted at 15 000 g for 15 min at 4 8C. Samples from an equivalent amount of protein (30 mg protein) were separated on 10% SDSpolyacrylamide gels and proteins transferred electrophoretically onto polyvinylidene difluoride membranes. Membranes were blocked with 1% gelatin and 0 . 05% Tween 20 in Tris-buffered saline (pH 7 . 5). After three washes with TBS-Tween 20 (0 . 05%), membranes were incubated with anti-phospho-p38MAPK (1:1000), anti-phospho-SAPK (1:1000), anti-3b-HSD (dilution 1:500). Detection was performed by reaction with horseradish peroxidase-conjugated secondary antibody and visualized by enhanced chemiluminescence according to the manufacturer's instructions. The same blots were reprobed for total p38MAPK with anti-p38MAPK (1:1000), for total SAPK with anti-SAPK (1:1000; data not shown) or with anti-tubulin (dilution 1:500). The immunoreactive bands were scanned by laser densitometry and expressed in arbitrary units.
cAMP accumulation
Cells were cultured on plastic, CI-, CIV-, LN-or FN-coated dishes with cell density reaching w3!10 5 cells/Petri dish after 3 days of culture. Intracellular cAMP production was determined by measuring the conversion of [ 
Data analysis
The data are presented as meansGS.E.M. of the number of experiments indicated in parentheses. Homogeneity of variance was assessed by one-way ANOVA followed by Bartlett's test; P values were obtained from Dunnett's tables.
Results
Detection of ECM components in whole rat adrenal gland
Using indirect immunofluorescence, CI, CIV, LN and FN staining was examined in both the adrenal cortex and medulla. CI staining was mainly expressed in the capsule and surrounding each glomerulosa cell and as thin fibrils in the zona fasciculata ( Fig. 1Aa and Ab, inset). CIV exhibited only moderate labelling in the capsule but, as CI, was observed surrounding each cell ( Fig. 1Ba and Bb, inset), while in the zona fasciculata, CIV presented as long thick fibrils between the radial cords of fasciculata cells (Fig. 1Bb) . LN was observed primarily in the zona glomerulosa, with short fibrils penetrating both the zonae fasciculata and reticularis ( Fig. 1Ca and Cb). FN staining was moderate in the capsule, while strong labelling was observed surrounding each glomerulosa cell and as discontinuous fibrils throughout the cortex ( Fig. 1Da and Db). Except for CIV, labelling was generally weak in the zona reticularis. Non-specific FN, LN, CI and CIV staining is shown in Fig. 1Ac to Dc. Expression of ECM components in the cortex was compared with their expression in the medulla (Fig. 2) , where chromaffin cells were identified by immunoreactivity to an anti-DBH enzyme. CI was expressed around each individual chromaffin cell and around each cluster of cells ( Fig. 2A and E, arrow) . In contrast, CIV and LN were expressed solely around clusters of chromaffin cells (Fig. 2B and C and magnification, F and G, arrows) , while FN was restricted to the border of blood vessels ( Fig. 2D and H) .
Detection of integrin subunits in the whole rat adrenal gland
The b1 integrin subunit is ubiquitous. Indeed, the presence of this subunit in the adrenal gland was verified using paraffinembedded sections. Integrin subunit b1 was observed throughout the cortex (Fig. 3A) with labelling found surrounding both glomerulosa and fasciculata cells (Fig. 3B , arrows and inset). Figure 3C shows non-specific labelling for integrin subunit b1.
Since the specificity of integrin interaction is achieved through the association of the b subunit with various a subunits, integrin a subunit expression was thus investigated.
Integrin subunit a1 exhibited a low level of expression in the cortex (Fig. 4Aa and Ac), but was strongly expressed in the medulla (Fig. 4Aa and Ab). Variances in localization within the cortex and medulla were exemplified in medullary rays (Fig. 4Aa, arrow) , or islets of specific chromaffin cells in the cortex (Fig. 4Aa and Ac, arrow head); a2, a3 and a5 were strongly expressed in the cortex (Fig. 4Ba and Bc, Ca and Cc and Da and Dc respectively), but absent in the medulla, except for some scattering in a small population of cells (Fig. 4Bb , Cb and Db, arrow heads). Indeed, a3 staining was higher in the cortex but barely detectable in the medulla, medullary rays and chromaffin cells in the cortex. Functional properties of ACTH in cells cultured on various extracellular matrices Proliferation and protein synthesis Glomerulosa cells easily proliferate in culture (doubling in 2 days) compared with fasciculata cells, which grow much more slowly (Gallo-Payet & Payet 1989 , Gallo-Payet et al. 1993 . Basal proliferation of glomerulosa and fasciculata cells was stimulated on all ECMs tested when compared with plastic conditions, with the highest rate observed on CIV (Fig. 5A  and B) . Basal protein synthesis of glomerulosa cells was lower on FN and LN than on CI, CIV or plastic (Fig. 5C ), whereas basal protein content of fasciculata cells was not affected by the various matrices (Fig. 5D) . In glomerulosa cells, addition of ACTH (10 nM) for 3 days increased proliferation Secretion of aldosterone and corticosterone Glomerulosa cells cultured on CI and CIV were able to produce more aldosterone than on plastic alone, with respective fold increases of 1 . 4G0 . 1 and 1 . 7G0 . 1 respectively over plastic conditions, while secretion was lower on LN (Fig. 6A) . Basal secretion of corticosterone by fasciculata cells was increased on CI and IV matrices by 2 . 2G0 . 1 and 2 . 7G0 . 1-fold over basal value, compared with plastic conditions, while FN had no effect. Corticosterone secretion was severely blunted on LN, with 75% lower production than on plastic (Fig. 6B) . ACTH exhibited Figure 3 Immunodetection of integrin b1 subunit in adult rat adrenal gland. Paraffin-embedded sections (5 mm) of adult rat adrenal gland were processed for immunofluorescence labelling as described in Materials and Methods. A: b1 subunit expression in the adrenal cortex; B: b1 subunit in the adrenal cortex outer zone; C: non-specific labelling for b1 subunit in the adrenal cortex. Arrow in B points to expression of integrin subunit b1 surrounding both glomerulosa and fasciculata cells. Scale bars, 50 mm. Insets magnification: !300. Images are representative illustrations of more than five glands. Figure 4 Immunodetection of integrin a1, a2, a3 and a5 subunits in adult rat adrenal gland. Paraffin-embedded sections (5 mm) of adult rat adrenal gland were processed for immunofluorescence labelling as described in Materials and Methods. Aa and Ac: integrin a1 in the adrenal cortex; Ba and Bc: integrin a2 in the adrenal cortex; Ca and Cc: integrin a3 in the adrenal cortex; Da and Dc: integrin a5 in the adrenal cortex; Ab: integrin a1 in the adrenal medulla; Bb: integrin a2 in the adrenal medulla; Cb: integrin a3 in the adrenal medulla; Db: integrin a5 in the adrenal medulla. Images were acquired at magnification 10! (Aab, Bab, Cab and Dab) and 30! (Ac, Bc, Cc and Dc). Scale bars, 50 mm. Images are representative illustrations of more than five glands. Arrow: medullary rays; arrowhead: integrin a subunit labelling in the medullary tissue. strong acute stimulatory effects on all ECMs, in both glomerulosa and fasciculata cells with stimulating values ranging from 23 . 0G 1 . 1 to 37 . 6G1 . 1-fold increases on FN and LN for glomerulosa cells and from 33 . 5G2 . 7 to 66 . 8G4 . 4-fold increases on CIV and LN for fasciculata cells (Fig. 6A and B) .
In order to correlate secretion with steroidogenesis, expression of the key steroidogenic enzyme 3b-HSD was measured. As shown in Fig. 6C , 3-day culture on CI, CIVand FN increased 3b-HSD expression, reaching 3 . 1G0 . 8 and 4G0 . 9-fold increases on CIV for glomerulosa and fasciculata cells respectively, while LN decreased 3b-HSD expression by more than 35% for glomerulosa cells. These results indicate that matrices (FN, CI and IV) play a role in aldosterone and corticosterone production by enhancing expression of 3b-HSD protein, whereas LN is not involved in steroid secretion.
cAMP production In glomerulosa cells, the highest stimulating effect of ACTH (at a concentration of 10 nM) was observed on CI, with a 38 . 6G5 . (Fig. 7A and C). In fasciculata cells, the highest stimulation ratio was Fig. 7B and D) .
MAPK activation
The basal phosphorylation of p38MAPK (Fig. 8A, C and D) and SAPK (stress-activated protein kinase; Fig. 8B, E and F) was not affected by ECMs in either cell type. In glomerulosa and fasciculata cells, ACTH activated p38MAPK by 1 . 8G0 . 3 and 2 . 8G0 . 4-fold (Fig. 9C  and D) and SAPK/JNK by 1 . 7G0 . 4 and 4 . 5G0 . 5-fold respectively ( Fig. 8D and F) . ECM did not modify basal activation of p42/p44 mapk while ACTH did not activate p42/p44 mapk (data not shown).
Phase-contrast morphology of adrenocortical cells grown on CI, IV, LN and FN matrices
In order to investigate possible correlation between function and morphology, cells were cultured on CI-, CIV-, LN-and FN-coated Petri dishes and examined under phase-contrast microscopy. After 3 days in culture, glomerulosa and fasciculata cells grown on plastic, CI and CIV formed a monolayer of cells with similar polygonal morphology and size (Fig. 9A-C and F-H). In contrast, glomerulosa and fasciculata cells grown on LN appeared as clusters of small superimposed rounded cells ( Fig. 9D and I ). A notable difference was also observed between glomerulosa and fasciculata cells cultured on FN. Glomerulosa cells exhibited monolayer of cells with polygonal morphology (Fig. 9E ) while the majority of fasciculata cells appeared as clusters of small rounded cells (Fig. 9J) .
Colocalization of ECM components in whole rat adrenal gland
Since LN lowered all basal values of protein synthesis and secretion compared with the other ECMs, colocalization patterns were examined. Indeed, components of the ECM interact with each other to form a structured network in supporting various cell functions (Kalluri 2003) . In order to determine the putative association between these components, double immunofluorescence localization of these ECMs was performed. In Fig. 10Aa , colocalization of CI (green) and LN (red) was higher in zona glomerulosa and in the adrenal capsule compared with that found in zona fasciculata ( Fig. 10Aa and Ab). CIV (red) and LN (green) were colocalized both in the zona glomerulosa ( Fig. 10Ba and Bb) and zona fasciculata. Finally, FN (green) and LN (red) were also colocalized in zona glomerulosa and in zona fasciculata ( Fig. 10Ca and Cb), with a gradient decreasing from the zona glomerulosa towards the inner portion of the gland. In addition, FN exhibited exclusive staining in some 6 cells/Petri dish) were separated on 10% polyacrylamide gels and subjected to western blot analysis using specific antibodies against 3b-HSD, as described in Materials and Methods.
regions of the zona glomerulosa as demonstrated by FN-specific green labelling (arrow, Fig. 10Ca ).
Discussion
This study describes the localization of the main ECM components and integrins within the adult rat adrenal gland and establishes a relationship between ECM and cell functions in the adrenal cortex. In particular, FN, CI and CIV were found to favour steroid synthesis and secretion, while LN is clearly involved in proliferation and not in steroid secretion.
Furthermore, the results underline the unique distribution of integrin a1 in medulla, as exemplified in the medullary rays extending from the medulla to the capsule. Together, these results indicate that ECM signalling through integrins plays an active role, both in basal and in ACTH action and integration of cell responses.
Differential expression of ECM and integrins in adrenal gland cortex
The results herein are the first to document immunofluorescence localization of the main ECMs and integrins in the rat adrenal cortex. CIV staining was found to be abundant in both zona glomerulosa and zona fasciculata, with a gradient from the outer to the inner portion of the cortex. FN was found surrounding each glomerulosa cell and as discontinuous fibrils between the radial cords of cells and sinusoids. In the bovine adrenal gland, using immunochemistry, Pellerin et al. (1997) found FN expression surrounding entire glomeruli and as fibrillar structures underlining capillaries and sinusoids, with no labelling in glomerulosa cells. We found strong LN labelling in the capsule and around each individual glomerulosa cell, with weak labelling in the zona fasciculata. In bovine (Pellerin et al. 1997) and human adrenal cortex (Virtanen et al. 2003) on the other hand, LN was reported as uniformly distributed in the zonae glomerulosa, fasciculata and reticularis but was not detected in the capsule or medulla (Pellerin et al. 1997) . In the medulla, our results revealed that CI was expressed around each individual chromaffin cell and around each cluster of cells, while CIV and LN were expressed only around clusters of chromaffin cells and FN restricted to the border of blood vessels. These results are in accordance with the observations of Kikuta et al. (1991) showing strong staining for collagens in the basement membrane underlying chromaffin cells, but differ from observations reported in the bovine adrenal gland where FN was not detected in chromaffin cells (Feige et al. 1998) .
The most striking observation of the present study is the specific distribution of integrins between cortex and medulla, as exemplified in the rays containing medullary tissue extending across the cortex, called medullary rays (GalloPayet et al. 1987) . For example, the a1 subunit exhibited strong expression in the medulla and medullary rays, but was virtually absent in the cortex, while, in contrast, the a3 subunit was strongly expressed in the cortex, and only in a few cells of the medulla. This unique distribution of integrins between cortex and medulla first indicates that a subunits of integrins represent excellent tools for outlining the presence of medullary rays crossing into the cortex, thus corroborating previous observations in rat (Gallo-Payet et al. 1987) , porcine (Bornstein et al. 1991) and human (Bornstein et al. 1994) adrenal gland (for review see Ehrhart-Bornstein et al. 1998) . Secondly, these observations support evidence as to how neuropeptides synthesized in the medulla, such as vasopressin Figure 10 Colocalization of collagen I (CI), collagen IV (CIV), laminin (LN) and fibronectin (FN) in adult rat adrenal outer cortex zone. Frozen sections (5-6 mm) of adult rat adrenal gland were processed for double immunofluorescence with Zenon technology as described in Materials and Methods. Binary images showing only the colocalized ECM components were generated using the Metamorph software Aa: double staining of CI (green) and LN (red); Ba: double staining of CIV (green) and LN (red); Ca: double staining of FN (green) and LN (red); Panels Ab, Bb and Cb represent binary images showing only colocalized ECM components corresponding to yellow-coloured elements in A, B and C respectively. Scale bars, 50 mm. Images are representative illustrations of more than five glands. (Grazzini et al. 1999) , are exported to the zona glomerulosa through these medullary rays. In the human adrenal cortex, Virtanen et al. (2003) found a rather diffuse distribution of a1 subunits outside the cells in the stromal region, while a2 and a3 integrins were mainly expressed around glomerulosa cells.
Influence of ECM and integrins on functional properties of adrenocortical cells
Our results provide evidence that all ECM favour basal proliferation and modulate the effect of hormones. Indeed, ACTH-induced proliferation was observed only on CIV and FN matrices in glomerulosa cells and only on CIV in fasciculata cells, while protein synthesis was increased only on FN matrices in glomerulosa cells and on CI, CIVand FN in fasciculata cells. In addition, FN, CI and IV all increased basal aldosterone and corticosterone secretion while in glomerulosa cells, CI, CIVand FN enhanced acute ACTH action. These results support the previous studies of Ill & Gospodarowicz (1982) , Cheng & Hornsby (1992) and Feige et al. (1998) whereby ECM components are among the factors necessary to promote steroid secretion and basal cell proliferation. A recent study using Matrigel (major components: LN and CIV) also clearly indicated that rat adrenocortical cells maintained both the ultrastructure as well as expression of steroidogenic enzymes until day 12 of culture (Spinazzi et al. 2006) . Cell phase-contrast morphology performed in this study also correlated with functional activities. On plastic, CI, CIVand FN-coated dishes, glomerulosa cells exhibited a polygonal structure with clearly visible lipid droplets. In contrast, on LN and FN, fasciculata cells formed clusters of small cells, suggesting active proliferation. In addition, 3b-HSD expression as well as secretion was weak on these matrices, indicating that these two functions (proliferation and secretion) cannot occur simultaneously.
Of noted importance, we found that, in fasciculata cells, the large increase in cAMP accumulation previously described in cells cultured on plastic is not observed when cells are cultured on ECM. Indeed, while the stimulation ratio reached up to 25-fold increase over basal value on plastic (Gallo-Payet & Payet 1989 , Gallo-Payet et al. 1993 , the fold increase only ranged from 9 . 2G2 . 1 to 11 . 2G1 . 6 on the ECM. In fact, these cAMP stimulation values on ECM are more in the range of the physiological response of the gland, since cAMP production in gland quarters stimulated with ACTH reached maximal stimulation ratios at about sixfold above basal values (data not shown). These results thus indicate that ECM/integrins possibly produce physical or modulatory constraints that limit interaction between ACTH receptor (the melanocortin 2 receptor)/Gs and adenylyl cyclases. This constraint disappears when cells are cultured on plastic. It has long been shown that collagen, LN and FN isoforms bind to each other in order to form the threedimensional network that forms the ECM (Kleinman et al. 1981 , Woodley et al. 1983 , Charonis et al. 1985 . On the other hand, this constraint may be partly circumvented in zona glomerulosa, where ACTH-induced cAMP production is potentiated by the effect of ACTH on calcium influx and on calcium-sensitive adenyl cyclase isoform (for review see . Thus, it is possible that, in vivo, the role of one particular ECM component would be to incorporate other ECM proteins to the matrix and hence act indirectly on cell response in intact adrenal gland. LN colocalizes with CI and CIV and to a lesser extent with FN (Fig. 10) . Since steroid secretions were lower on LN compared with plastic and other ECMs, it could be hypothesized that the in situ binding of LN to its integrin receptor may counterbalance the increase of CI-and CIVinduced aldosterone and corticosterone secretion in order to maintain a fine regulation of corticoid production. For instance, LN by binding to a6b1, a7b1 or a6b4 (Ekblom et al. 2003 ) may activate the pro-survival kinases of the protein kinase B/Akt family which would inhibit signalling pathways induced by a1b1, a2b1 and a3b1 (collagen) and a5b1 (FN) integrins (Gu et al. 2002) . To further add to this complexity, binding of integrins to different domains on LN has been shown to activate distinct signalling pathways (Desban & Duband 1997 , Desban et al. 2006 . It is however not known how a3 or a6 signals differ from those transduced by a5b1 as reported by Gu et al. (2002) . The a 3 b 1 integrin-mediated signalling events triggered by LN-10/11 are quite dissimilar from those triggered by FN. LN-10/11 preferentially activates Rac, but not Rho, through an a 3 b 1 integrin-dependent pathway and enhances formation of lamellipodia. FN, however, preferentially activates Rho rather than Rac, leading to enhanced stress fibres and focal contact formation (Gu et al. 2002) .
On the other hand, 3 days of cell culture on ECM does not affect basal MAPK activation (p42/p44 mapk , p38MAPK and SAPK/JNK). In glomerulosa and fasciculata cells, ACTH induced the activation of p38MAPK and JNK, but failed to activate p42/p44 mapk . These results are in agreement with previous studies demonstrating that ACTH does not stimulate p42/p44 mapk activity (Chabre et al. 1995 , Gallo-Payet et al. 1999 , but increases SAPK/JNK activity (Watanabe et al. 1997) . We have recently shown that the growth-promoting effect of Ang II involves both p42/p44 mapk and p38 MAPK activation, with a concomitant decrease in cell proliferation (Otis et al. 2005 , Otis & Gallo-Payet 2006 , 2007 .
In summary, the present results, obtained in cultured cells grown on various matrices, clearly indicate that ECM components and integrins may determine specific cell functions such as proliferation and steroid secretion. The precise localization of ECM components CI, CIV, LN and FN as well as their counter integrin receptors provide new insights into the role of these proteins in adult rat adrenal gland homeostasis. This is the first demonstration that ECM components such as CI, CIV and FN enhance the expression of 3b-HSD, thus conferring adrenocortical cells with the ability to respond intensively and with high efficiency to ACTH stimulation. In this regard, such priming could contribute or explain the rapid and important functional and morphological changes of the adrenal gland under ACTH challenges.
